Patients with mucopolysaccharidosis (MPS), and Morquio A syndrome (MPS IVA) in particular, often report substantial pain burden. MOR-008 was a randomized, double-blind, pilot study assessing the safety and efficacy, including impact on patientreported pain, of 52 weeks of treatment with elosulfase alfa (at a dose of 2.0 or 4.0 mg/kg/week) in patients with Morquio A syndrome (≥ 7 years old). Assessment of pain at baseline revealed that patients (N ¼ 25) had a mean number of pain locations of 5.7, mean pain intensity score of 4.6 (indicative of medium pain), and a mean number of selected pain descriptors of 7.4 words. Treatment with elosulfase alfa improved subjective pain score (reduced to 3.2), pain locations (reduced by a mean of 1 location), and pain descriptor words (reduced to 4.9 words) over 1 year (52 weeks), suggesting that elosulfase alfa can reduce pain in some patients with Morquio A.
Introduction
The mucopolysaccharidosis (MPS) disorders are frequently associated with significant pain 1-7 caused by joint abnormalities, recurrent otitis media, neurological involvement, increased intracranial pressure, spinal cord compression, carpal tunnel syndrome, or a combination of these comorbidities. 1, 5, [8] [9] [10] Patients with MPS frequently use pain medication and may develop chronic pain that can affect physical functioning, activities of daily living, emotional and school functioning, and health-related quality of life (HRQoL). 2, 11, 12 In addition, the burden of pain has been found to have a substantial economic impact on society in terms of treatment costs and lost productivity. 13 Consequently, pain management is becoming an important component of care for patients with MPS.
Several studies have investigated pain as a clinical outcome in patients with MPS using patient (or caregiver)-reported questionnaires to measure individual patient's pain levels. [3] [4] [5] [6] [7] [14] [15] [16] [17] These multidimensional tools are described in Figure 1 and Appendix 1 and include the (Childhood) Health Assessment Questionnaire Pain scale (or a modified version), [3] [4] [5] [6] [7] 14, 15 the non-communicating Children's Pain Checklist-Revised, the six-face Faces Pain Scale-Revised, the Adolescent Pediatric Pain Tool (APPT), the Brief Pain Inventory short form, and a visual analog scale (VAS). 1,2 Results from 2 studies in patients with MPS (N ¼ 55) and Morquio A (N ¼ 63) using these questionnaires (Appendix 1) indicate that >60% of all patients with MPS experience joint pain. 1, 2 The highest frequency of pain was observed in patients with MPS III, while the most severe pain intensity was reported by patients with Morquio A, 1 which is not unexpected, as the latter can have severe skeletal and joint abnormalities. 26 Morquio A syndrome (MPS IVA; OMIM #253000) is a rare inherited progressive disorder 27 caused by a deficiency of the lysosomal enzyme N-acetylgalactosamine-6-sulfatase (GALNS, EC 3.1. 6.4) involved in the degradation of the glycosaminoglycans (GAGs) keratan sulfate and chondroitin-6-sulfate. The progressive accumulation of GAGs will interfere with normal cellular function, leading to growth impairment and increasing dysfunction of multiple organ systems in patients with Morquio A. [28] [29] [30] Musculoskeletal abnormalities, joint hypermobility, stiffness and pain, cardiorespiratory dysfunction, or a combination of these manifestations often lead to reduced mobility and endurance. 10, [31] [32] [33] These increasing physical impairments coupled with a declining ability to perform activities of daily living may negatively impact the patient's quality of life, and many patients with Morquio A become wheelchair bound by their teen years. 2, 31, 32 Weekly enzyme replacement therapy (ERT) infusions with elosulfase alfa, a recombinant form of human GALNS (Vimi-zim1; BioMarin Pharmaceutical Inc., Novato, California), is currently the only approved therapy for Morquio A syndrome. 34 In the pivotal phase 3 study (MOR 004, NCT01275066), patients receiving elosulfase alfa at a dose of 2.0 mg/kg/week demonstrated statistically significant improvement in endurance as measured by the 6-minute walk test (6MWT) distance and numerical improvements in 3-minute stair climb test (3MSCT) performance, respiratory function, activities of daily living, and height/growth at week 24 compared to those receiving placebo. 35, 36 Improvements in 6MWT, 3MSCT, and respiratory function were sustained over 120 weeks in the long-term follow-up MOR 005 phase 3 extension study. 37, 38 However, pain assessments were not performed in MOR-004/005.
In addition to the phase 3 study, a randomized, double-blind, pilot study (MOR-008, NCT01609062) assessed the safety and efficacy of 2 doses of elosulfase alfa (2.0 and 4.0 mg/kg/week; N ¼ 25) over 24 weeks. 16 Safety was the primary outcome measure of MOR-008, with secondary efficacy end points including effects of ERT on endurance, exercise capacity, and pain. The baseline values for the 6MWT and 3MSCT in MOR-008 were higher than those seen in the phase 3 study, 35 due to study inclusion criteria that required a 6MWT distance of !200 m which was aimed at recruiting a population healthy enough to complete several of the efficacy measures. Results of the primary treatment phase (24 weeks) of MOR-008 were previously published. There was no change from baseline in 6MWT in both dosing groups and only a numerical change for 3MSCT in the 4.0 mg/kg/week group. A ceiling effect might potentially explain why 6MWT and 3MSCT outcomes remained essentially unchanged during the primary treatment phase of MOR-008. 16 The baseline pain intensity score on the Word Graphic Rating Scale (WGRS) of the APPT reported by patients with Morquio A in MOR-008 was 4.6 [16] , which corresponds to "medium pain." 23 The mean pain intensity score numerically improved to 3.2 at week 24 of elosulfase alfa treatment, with a median % change of À30.6%. 16 Additional pain outcomes up to 52 weeks of treatment with elosulfase alfa are further explored in the present study.
Methods

Ethical Conduct of the Study
Review and approval of MOR-008 was obtained by the Institutional Review Board, Independent Ethics Committee, or Research Ethics Board at each participating center. All procedures were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2000. Written informed consent was obtained from each participant (or his or her legally authorized representative) before entering the study.
Study Design and Participants
MOR-008 was a multinational, multicenter, randomized, phase 2, double-blind pilot study investigating the safety and physiological effects of 2 doses of elosulfase alfa in patients with Morquio A syndrome. Inclusion and exclusion criteria and study design of the primary treatment phase have been described previously. 16 Briefly, patients !7 years and able to walk !200 m in the 6MWT at screening were randomized to receive elosulfase alfa 2.0 or 4.0 mg/kg/wk for 27 weeks. Primary end points were safety and tolerability of both doses; secondary end points included effects of elosulfase alfa on endurance, exercise capacity, respiratory function, muscle strength, cardiac function, pain, urinary keratan sulfate levels, and pharmacokinetic parameters. Patients who completed the primary treatment phase were enrolled in the extension phase, during which they received the same dose of elosulfase alfa as during the primary treatment phase through week 52.
Pain Assessment
Pain experienced in the last 24 hours was measured using the APPT at screening and at weeks 12, 24, and 52 following endurance tests (if they occurred at the same visit). The APPT is a validated, multidimensional tool to evaluate pain in children, adolescents, and young adults (Figure 2A ). 23 In the first part of the APPT, a body diagram with 43 distinct body locations distributed across 8 groups is used to indicate the location of pain. In the second part, pain intensity is measured on a 10-cm VAS, i.e. the WGRS, including "no pain" (0 cm), "little pain" (2.5 cm), "medium pain" (5.0 cm), "large pain" (7.5 cm), and "worst possible pain" (10 cm). In the last part of the APPT, a list of 67 words is provided for the patient to select words that describe the pain. Words are divided in 4 pain descriptor categories: sensory, affective, evaluative, and temporal. 23 Some younger patients or those that preferred to, used a Faces Pain Scale instead of the WGRS to measure pain intensity at baseline. The Faces Pain Scale asks patients to select from 6 facial expressions the one that best reflects their pain ( Figure 2B ) and corresponds to a score that ranges from 0 (no pain) to 10 (very much pain). 22 
Statistical Methods
Efficacy analyses were performed on the modified intent-totreat population, consisting of all patients randomized to study treatment that received at least 1 dose of study drug and had at least 1 post-treatment observation. The analyses were performed on the total study population (i.e., the two dosing groups combined), but results are also presented separately. Descriptive statistics including sample size, mean, standard deviation (SD), percentage, median, and interquartile ranges (IQR), when appropriate, were generated. Key comparisons for outcomes were within the same patient for parameters measured at screening and weeks 24 and 52. Values obtained at screening (days À21 to À1) were used as baseline measures.
Results
Patient Characteristics
Twenty-five patients were randomized to elosulfase alfa 2.0 mg/kg/week (N ¼ 15) or 4.0 mg/kg/week (N ¼ 10). Demographics and baseline characteristics (Appendix 2) for the total study population have been published previously. 16 All 25 patients completed the primary treatment phase and were enrolled in the extension study (Appendix 3). One patient continued through week 52 but did not receive infusions of elosulfase alpha after week 24 due to relocation away from the study site. Another patient discontinued prior to week 52 (last infusion at week 39) due to a planned surgery and transition to an expanded access program at a site closer to her place of residence.
APPT Outcomes
At baseline, all patients reported at least 1 pain location. Pain was most frequently experienced in the lower extremities (68% of patients), followed by the head and neck areas (32% of all patients), and the upper extremities (32% of patients). After 52 weeks of elosulfase alfa treatment, the lower extremities were still the most frequently reported location of pain in the total study population (76%).
Elosulfase alfa treatment was associated with a mean (SD) decrease of 1.3 (4.1) and 1.0 (5.2) in the number of pain locations from baseline to week 24 and 52, respectively, in the total study population ( Figure 3A , Table 1 ). The decrease in number of pain locations was seen only in the 2.0 mg/kg/week group. The number of pain locations reported by the 4.0 mg/kg/ week group remained stable; however, the mean number of pain locations at baseline was already lower in this group (Table 1) .
The mean baseline pain intensity score on the WGRS was 4.6 (median score 4.9), corresponding to categorical scores of "medium pain." Mean and median scores at baseline were slightly worse (approximately 1 point higher) in the 2.0 mg/kg/week group compared to the 4.0 mg/kg/week group (Table 2) ; this imbalance between the 2 dose groups at baseline, despite randomization, may (at least partly) be due to the small sample Figure 2 . A, The adolescent pediatric pain tool. B, The faces pain scale. The adolescent pediatric pain tool is a validated, multidimensional tool to evaluate pain in children, adolescents, and young adults. It consists of three different parts. In the first part, pain location can be indicated on a body diagram. In the second part, pain intensity is measured on a 10-cm visual analog scale. In the last part, pain descriptors can be selected from a list of 67 words (reproduced from Jacob EA, et al. Pain Management Nursing 2014, 23 with kind permission from Elsevier). The faces pain scale allows patients to select out of 6 facial expressions the face that best corresponds to their pain, ranging from "no pain" (score of 0) to "very much pain" (score of 10) (reproduced from Hicks CL, et al Pain 2001, 22 Faces pain Scale-Revised (FPS-R). www.iasp-pain.org/fpsr. Copyright ª2001, International Association for the Study of Pain. Reproduced with permission). size. Results of the primary treatment phase showed that elosulfase alfa treatment for 24 weeks reduced the pain intensity score by 1.8 (SD 3.3) in the total study population, corresponding to a median % change of À30.6%, as previously reported. 16 After 52 weeks of treatment, this reduction was less apparent: The mean pain intensity score of the total population changed by À0.8 (SD 3.2) from baseline ( Figure 3B ), the median change was 0.1 (IQR À2.3, 1.4), corresponding to a median % change of 1.7% (IQR À61.5, 38.9; Table 2 ). When separating the treatments, both groups showed a similar mean reduction of 0.8, but only the 4.0 mg/kg/week group showed a median reduction in pain intensity score (À0.2 [À1.0, 1.0]). Data from individual patients show improved or stable pain intensity scores throughout the study period in the majority of patients (Figure 4) .
At baseline, the mean and median number of words selected by the total study population to describe pain was 7.4 (SD 4.2) and 7.0 (IQR 4, 10), respectively, of a total of 67 words and were primarily sensory and temporal pain descriptors (mean number of words were 3.5 and 2.0, respectively). Patients in the 2.0 mg/kg/week group selected a higher number of words to describe pain compared with patients in the 4.0 mg/kg/week group (Table 3) . There was a mean change from baseline in the number of word descriptors in the total study population of À2.3 (SD 4.7) at week 24 and À1.7 (SD 5.9) at week 52 ( Figure 3C ) of elosulfase alfa treatment; median change in the total study population was À1.0 for both time points (Table 3 ). Patients selected primarily sensory and temporal pain descriptors (mean number of words were 2.2 and 1.7, respectively) at week 52. À2.0 (À5, 2) 9 1.0 (À1, 1) 21 0.0 (À4, 1)
Week 52
Mean (SD) 14 6 .1 (6.8) 
Discussion
The few clinical studies to date that have evaluated pain in MPS disorders indicate that a large proportion of patients have mild to moderate pain. [3] [4] [5] [6] [7] 39 Approximately 40% of the patients with MPS report a pain score above the cut-off for significant pain and those with Morquio A syndrome (MPS IVA) experience the most severe pain. 1 Pain appears to significantly interfere with activities of daily living and negatively affect quality of life in patients with Morquio A. 2 These observations underscore the need for a treatment that can decrease pain burden in these patients. ERT has been approved for several lysosomal storage disorders, including MPS I, 3, 40 MPS II, 41 MPS VI, 15, 33 and MPS IVA/Morquio A. 34 In addition to the positive effect on endurance, ERT has been reported to reduce pain in patients with MPS I 3 and MPS VI 6,7,14,17 (Appendix 1). Less is known about the effect of ERT on pain in patients with Morquio A. 16 Patients with Morquio A in the MOR-008 study reported a significant baseline level of pain in multiple body sites, with a predominance of pain in the lower extremities. The mean reported pain intensity score corresponded with "medium pain" on the APPT scale, consistent with pain locations and scores reported in the Morquio A patient-reported outcomes survey by Hendriksz et al. 2 Treatment with elosulfase alfa resulted in a decrease in subjective pain scores from baseline to weeks 24 and 52. The number of pain locations and word descriptors selected to describe pain decreased at both time points. After 24 weeks of treatment, the mean pain intensity score had decreased by a mean of 1.3 points on the 0 to 10-point rating scale in the total study population. There was still a numerical mean change from baseline in pain intensity score through week 52, although long-term treatment did not lead to greater pain reduction.
A recent study of 153 adolescents with chronic pain identified a raw change of 1 point on a 0 to 10-point numerical rating scale as the minimal clinically important difference for pain intensity, corresponding to a change of À12.5%. 42 Although the adolescents in this study were not patients with Morquio A, they showed several relevant similarities with the MOR-008 patient population, with a mean age of 15.5 years (vs 13.7 years in MOR-008) and main pain locations being the head (56%) and back/extremities (25%) versus the head and neck area (32%) and the extremities (lower 68% and upper 32%) in MOR-008. The reduction in pain intensity observed in the primary treatment phase of MOR-008 was >1 point for most patients and the mean reduction in the extension phase approximates a change of 1, suggesting that the observed effect on pain intensity approaches what is considered to be clinically important. Patients who did not show an improvement in pain intensity mostly presented with stable scores. This suggests that their pain did not worsen as could be expected after a 1-yearlong period in a progressive disease such as Morquio A. 2, 31 The mechanism of action responsible for elosulfase alfa treatment-associated pain control is not readily apparent and may involve many factors. Data from animal studies suggest a GAG-mediated apoptosis of articular chondrocytes as well as a GAG-mediated inflammatory component, operating through the toll-like receptor 4 pathway, to the musculoskeletal disease in MPS, [43] [44] [45] [46] as observed in rheumatoid arthritis. 47 Hence, one of the pain-controlling mechanisms of elosulfase alfa may function via decreasing the GAG accumulation in macrophages throughout the tissues. 30 This could reduce inflammatory responses at the articular surfaces and as a result improve joint pain and stiffness. In addition, studies in MPS VI and VII animal models have shown that treatment with anti-inflammatory drugs reduces the GAG-mediated apoptotic and inflammatory component in articular and synovial tissue and enhances the positive effect of ERT on articular tissue and motor activity when combined. 45, 46 These results suggest that ERT in combination with antiinflammatory treatment may have beneficial effects on joint pain in patients with Morquio A. However, additional research in this area is needed to assess this hypothesis. In addition to the physical relief of the pain sensation itself, a reduction in pain may also improve HRQoL, given that chronic pain can influence different aspects of normal daily life and cause psychological distress. 12, 48 Two studies by Gold et al. showed that there is a negative relationship between chronic pain and HRQoL in children and adolescents: HRQoL scores were worse when pain intensity and frequency were higher. 11, 12 Additionally, results of an international Morquio A patient-reported outcomes survey demonstrate that HRQoL is primarily related to the patient's ability to remain independently mobile and that patients tolerate more pain during activities of daily living if they are able to remain more mobile or use their wheelchair less frequently. 2 In addition, fatigue was shown to be a significant problem in patients suffering from chronic pain, as it functions as an intermediary between pain and the overall HRQoL. 11 Children and adult patients with Morquio A frequently report fatigue or low stamina and this is influenced by the use of a wheelchair. 2 Again, better mobility showed a negative correlation with fatigue, following the same pattern as for pain. 2 These findings highlight the negative effects of chronic pain on daily living activities and emphasize the need for intervention protocols that help manage pain and promote increased functioning of patients with Morquio A. The decrease in pain burden reported in MOR 008 may contribute to improvements in HRQoL in this Morquio A population. Future studies on the effect of ERT in patients with Morquio A should further explore the relationship between pain management, HRQoL, fatigue, and other functional outcomes.
Limitations of this pilot study should be taken into account when interpreting these results. Study inclusion criteria led to recruitment of a relatively healthy population, which may have resulted in a ceiling effect for some efficacy outcome measures. Moreover, this study was not powered to show statistically significant differences between dose groups. As there was no placebo group, we do not know whether untreated patients would have declined in some or all pain assessments during the study period. Additionally, concomitant pain medication use was not rigorously monitored and may not have been consistent throughout the study. Finally, pain is a complex experience and its perception is influenced by cognitive and emotional factors. 49 Conversely, the circuitry that is responsible for the psychological modulation of pain can be affected by chronic pain, leading to changes in emotional and cognitive domains. As a result, the context and meaning of pain influence its perception by the patient, which leads to large inter-individual as well as intra-individual differences in pain perception. 49 Despite these limitations, this study gathered pilot data in order to increase the current understanding of pain in patients with Morquio A and how treatment with elosulfase alfa influences these impairments and to generate hypotheses for potential future studies.
Conclusion
MOR-008 is the first clinical study to measure the impact of ERT with elosulfase alfa on pain burden in patients with Morquio A syndrome. MOR-008 patients reported a baseline pain level of medium intensity at multiple body sites, with a predominance of pain locations in the lower extremities. Improvements in perceived burden of pain were reported after treatment with elosulfase alfa over 24 and 52 weeks. Figure A1 . CONSORT flow diagram.
